crobiol. 62:1903-1907, 1996). The molecular mass of the purified enzyme was 35 kDa as determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The isoelectric point of the enzyme was 4.3. The optimal pH and temperature were 7.0 and 35°C, respectively. The K m values were 0.56 and 0.11 mM for L-proline and 2-oxoglutarate, respectively. The k cat value of hydroxylation was 3.2 s ؊1 . Determined N-terminal and internal amino acid sequences of the purified protein were not found in the SwissProt protein database. A DNA fragment of 74 bp was amplified by PCR with degenerate primers based on the determined N-terminal amino acid sequence. With this fragment as a template, a digoxigenin-labeled N-terminal probe was synthesized by PCR. A 6.5-kbp chromosome fragment was cloned by colony hybridization with the labeled probe. The determined DNA sequence of the cloned fragment revealed a 870-bp open reading frame (ORF 3), encoding a protein of 290 amino acids with a calculated molecular weight of 33,158. No sequence homolog was found in EMBL, GenBank, and DDBJ databases. ORF 3 was expressed in Escherichia coli DH1. Recombinants showed hydroxylating activity five times higher than that of the original bacterium, Streptomyces sp. strain TH1. It was concluded that the ORF 3 encodes functional proline 3-hydroxylase.
Among eight stereoisomers of hydroxyprolines, only trans-4-hydroxy-L-proline is abundant in nature as a component of collagens produced by higher organisms (7) . It is known that procollagen-proline dioxygenase (prolyl 4-hydroxylase; EC 1.14.11.2) hydroxylates L-proline residues of procollagen posttranslationally to trans-4-hydroxy-L-proline residues during collagen biosynthesis (7, 14, 21) . Procollagen-proline 3-dioxygenase (prolyl 3-hydroxylase; EC 1.14.11.7), which hydroxylates peptidic L-proline residues to trans-3-hydroxy-L-proline, is also involved in collagen biosynthesis (11, 17) . However, free Lproline is not accepted as a substrate for these prolyl hydroxylases. These enzymes belong to a family of 2-oxoglutaratedependent dioxygenases which requires 2-oxoglutarate and O 2 as cosubstrates and ferrous ion as a cofactor for the reaction.
In contrast, hydroxylation of free L-proline to free trans-4-hydroxy-L-proline was reported for microorganisms producing the peptide antibiotic etamycin, which contains 4-hydroxyproline as its component (5, 15) . Recently, Lawrence et al. have purified 4-hydroxylase of free L-proline from Streptomyces griseoviridus P8648, which produces etamycin (9) . They reported that microbial proline 4-hydroxylase belongs to a family of 2-oxoglutarate-dependent dioxygenases as well as prolyl hydroxylases involved in collagen biosynthesis (9) .
Independently, we have screened microbial proline 4-hydroxylases from more than 3,000 strains and have found 8 actinomycete strains to produce proline 4-hydroxylase (unpublished results). In this screening, we found a novel activity which hydroxylates free L-proline to cis-3-hydroxy-L-proline in Streptomyces sp. strain TH1, Streptomyces canus ATCC 12646 and ATCC 12647, and Bacillus sp. strains TH2 and TH3 (13) . These hydroxylating activities required 2-oxoglutarate and were thought to be of 2-oxoglutarate-dependent dioxygenases (13) , as in the case of S. griseoviridus P8648 (9) . However, details of the 3-hydroxylating activity remain to be investigated.
Here we report the purification and cloning of proline 3-hydroxylase from Streptomyces sp. strain TH1. This is the first report of the purified proline 3-hydroxylase and its structural gene.
MATERIALS AND METHODS
Materials. Chemicals were purchased from Nacalai Tesque (Kyoto, Japan) unless otherwise mentioned. cis-3-Hydroxy-L-proline was purified as described previously (13) and used as the standard in a high-performance liquid chromatography (HPLC) assay of this study.
Bacteria and culture conditions. Streptomyces sp. strain TH1 was isolated from soil from Tokyo, Japan (13 [pH 7 .0], each per liter) in a 5-liter jar fermentor, and TH1 was cultivated at 28°C for 1 day at an agitation rate of 500 rpm and harvested by centrifugation. One hundred grams of wet cells was obtained from 3 liters of TH1 liquid culture.
Enzyme assay. Proline 3-hydroxylase activity was assayed by measuring the formation of cis-3-hydroxy-L-proline from L-proline. The concentration of cis-3-hydroxy-L-proline in the mixtures was measured by use of the HPLC system with the postcolumn derivatization method with 7-chloro-4-nitrobenzo-2-oxa-1,3-diazole described previously (16) throughout this study. One unit of activity is defined as the conversion of 1 nmol of L-proline to 1 nmol of cis-3-hydroxy-Lproline per min.
During purification, proline 3-hydroxylase activity was assayed with 100 l of the reaction mixture, which contained 100 mM N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid (TES) buffer (pH 7.5), 5 mM 2-oxoglutarate, 5 mM L-proline, 5 mM L-ascorbate, 1 mM FeSO 4 ⅐ 7H 2 O, and 10% (vol/vol) enzyme fraction. Each reaction mixture was incubated at 30°C for 30 min.
After purification, properties of the purified enzyme were determined by use of the following reaction conditions unless otherwise mentioned: 100 mM TES buffer (pH 7.0), 5 mM 2-oxoglutarate, 5 mM L-proline, 5 mM L-ascorbate, 1 mM FeSO 4 ⅐ 7H 2 O, and 0.17 U of purified enzyme in 100 l of reaction mixture at 35°C. Under these conditions, cis-3-hydroxy-L-proline was produced linearly for up to 10 min. Kinetic parameters were calculated from velocity data of 5-min reactions at various substrate concentrations ranging from 0.1 to 1.0 mM for L-proline and 0.04 to 0.13 mM for 2-oxoglutarate. When the k cat was calculated, the molecular mass of 3-hydroxylase was assumed to be 35 kDa. The inhibitory effects of various compounds were also tested with purified enzyme.
Purification of 3-hydroxylase. All operations were performed at 4°C. Column chromatographies were operated with a fast protein liquid chromatography system (Pharmacia). and disrupted by sonication. After removal of cell debris by centrifugation (30,000 ϫ g, 30 min), the pH of the supernatant was adjusted to 4.5 with 6 N HCl. This acidified lysate was centrifuged (15,000 ϫ g, 30 min) again, and the supernatant was loaded onto a RESOURCE Q column (bed volume, 6 ml; Pharmacia) preequilibrated with buffer A. The sample-loaded column was washed with 70 ml of buffer A and eluted with a 120-ml linear gradient of 0 to 0.3 M NaCl in buffer A. Fractions of 6 ml were collected at a flow rate of 10 ml/min. The 3-hydroxylase activity was eluted at around 35 ml. Active fractions (18 ml) were pooled and diluted three times with buffer B (20 mM TES [pH 7.5], 1 mM DTT, 0.2 mM EDTA, 10% [vol/vol] glycerol) and then applied to a RESOURCE Q column (bed volume, 1 ml) preequilibrated with buffer B. The column was washed with 50 ml of buffer B and eluted with a 20-ml linear gradient of 0 to 0.3 M NaCl in buffer B. Fractions of 1 ml were collected at a flow rate of 10 ml/min. The 3-hydroxylase activity was eluted at around 6 ml. Sodium chloride was added to the pooled active fractions (7 ml) at a final concentration of 2 M. This solution was loaded onto a phenyl-Sepharose HP HiLoad column (bed volume, 1 ml; Pharmacia) preequilibrated with buffer B containing 2 M NaCl. This column was washed with 28 ml of buffer B containing 2 M NaCl and eluted with 15 ml of buffer B containing 0.1% (vol/vol) Tween 20. Fractions of 1.25 ml were collected at a flow rate of 0.25 ml/min. The 3-hydroxylase activity was eluted in the first three fractions. The buffer of the pooled active fractions was replaced with buffer A with a PD10 column (Pharmacia), and then the active solution was loaded onto a RESOURCE Q column (bed volume, 1 ml) preequilibrated with buffer A. The sample-loaded column was washed with 10 ml of buffer A and eluted with a 20-ml linear gradient of 0 to 0.3 M NaCl in buffer A. Fractions of 1 ml were collected at a flow rate of 2 ml/min. The 3-hydroxylase activity was eluted at around 11 ml. Active fractions (2 ml) were pooled and diluted three times with buffer B containing 0.1% (vol/vol) Tween 20 and then loaded onto a RESOURCE Q column (bed volume, 1 ml) preequilibrated with buffer B containing 0.1% (vol/ vol) Tween 20. After the column was washed with 10 ml of buffer B containing 0.1% (vol/vol) Tween 20, the enzyme was eluted with a 20-ml linear gradient of 0 to 0.3 M NaCl in buffer B containing 0.1% (vol/vol) Tween 20. Fractions of 1 ml were collected at a flow rate of 2 ml/min. The 3-hydroxylase activity was eluted in the 19th fraction. The protein concentration was assayed by the method of Lowry et al. (10) .
Electrophoresis. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed (8) on a 12.5% polyacrylamide gel (5 by 5 cm) and stained with Coomassie brilliant blue (CBB). An acrylamide gel of 11% (12 by 10 cm) was used for staining with silver. The isoelectric point of the purified enzyme was determined by isoelectric gel electrophoresis and CBB staining performed with the Phast-system (Pharmacia) as described in the manufacturer's instructions.
Amino acid sequencing. The purified sample was electrophoresed in an SDS-11% polyacrylamide gel (12 by 10 cm) and electroblotted onto a polyvinylidene difluoride membrane (12) . After being stained with CBB, the proline 3-hydroxylase band was cut out and subjected to automated Edman degradation performed with protein sequencer model PPSQ-10 (Shimadzu Co. Ltd., Kyoto, Japan). The first 29 N-terminal amino acids of the purified protein were determined. The internal sequences of 3-hydroxylase were determined as follows. The purified sample was subjected to SDS-PAGE and stained with CBB. A piece of the gel containing stained 35-kDa protein was excised with a razor and digested directly with lysyl-endopeptidase. Digestion was performed with 100 mM TrisHCl (pH 9.0) in the presence of 4 M urea at 37°C for 6 h. Proteolytic peptides were isolated by reversed-phase chromatography on a C-18 column (250 by 2.1 mm [inside diameter]; The Sep/a/ra/tions Group, Hesperia, Calif.). The peptides were eluted in a linear gradient of acetonitrile (0 to 63% for 60 min) in 0.1% trifluoroacetic acid at a flow rate of 0.3 ml/min. Two well-separated peptides were recovered, and their N-terminal amino acid sequences were determined with the PPSQ-10 protein sequencer.
Molecular manipulation of genes. All DNA manipulations were performed as described by Sambrook et al. (19) except as otherwise mentioned. Escherichia coli XL-2 Blue MRFЈ (Stratagene, La Jolla, Calif.) was used as a host for gene cloning. PCRs were performed with Pfu DNA polymerase (Boehringer Mannheim GmbH) under conditions prescribed by the supplier except for the addition of 10% (vol/vol) dimethyl sulfoxide to reaction mixtures. PCR products were analyzed by electrophoresis with 15% polyacrylamide gels. The DNA sequence was determined by the chain termination method (20) with a Taq DyeDeoxy terminator cycle sequencing kit (Applied Biosystems, Foster City, Mass.) and a model 373A autosequencer (Applied Biosystems).
PCR-based cloning of the N-terminal portion of proline 3-hydroxylase structural gene. Several degenerate primers were synthesized on the basis of the determined N-terminal amino acid sequence, at positions 1 to 6 (MCSHIL) and 21 to 25 (EYLAT), for a sense and an antisense primers, respectively, to amplify a 74-bp N-terminal fragment of the proline 3-hydroxylase structural gene. In this design of primers, the undetermined second amino acid was assumed to be cysteine for convenience. The second amino acid was later found to be arginine from DNA sequence analysis (see primers A1 and B2 with the PCR DIG Labeling Kit (Boehringer Mannheim GmbH).
Molecular cloning of the entire structural gene. TH1 genomic DNA was digested with PstI and electrophoresed in a 1% agarose gel. A portion of the gel including 6.5-kbp DNA fragments was cut out, and DNA was recovered from the gel piece with a Prep-A-Gene kit (Bio-Rad Laboratories, Hercules, Calif.). Extracted DNA fragments were ligated into the PstI site of a vector plasmid, pBluescript II KS ϩ (Stratagene). Transformants were obtained on nylon membranes (HighBond N; Amersham) placed on Luria-Bertani plates containing 50 mg of ampicillin per liter. Colony hybridization was performed with the DIGlabeled N-terminal probe and DIG Detection Kit (Boehringer Mannheim GmbH) under conditions described by the suppliers.
DNA sequence determination of the cloned fragment. The position of the N-terminal sequence of the proline 3-hydroxylase gene within the cloned fragment was roughly determined by Southern hybridization analysis of restriction fragments of pTH30 with the labeled N-terminal probe. The nucleotide sequence was determined from the one terminal of the cloned fragment closest to the N-terminal sequence by use of synthetic oligonucleotide primers based on the marginal sequences which were determined in the previous cycle of sequencing. Both DNA strands were sequenced within the region shown in Fig. 1 .
Construction of expression plasmids and E. coli recombinants. To delete a 4.2-kbp EcoRI fragment that exists downstream of the proline 3-hydroxylase gene, pTH30 was digested with EcoRI and religated. The majority of transformants with the religated DNA had a plasmid which lacked the 4.2-kbp EcoRI fragment. One of the deletion plasmids was selected and designated pTH40 (Fig.  1) . In pTH40, the EcoRV site derived from the multicloning site (MCS) of the vector was located just downstream of the terminal EcoRI site of pTH40 (Fig. 1) . DNA fragments including the proline 3-hydroxylase were cut out from pTH40 with the restriction enzymes shown in Fig. 1 and ligated to pBluescript II KS ϩ (Stratagene) digested with KpnI and SmaI to locate the proline 3-hydroxylase gene downstream of lac promoter of the vector. E. coli DH1 (3) was used for expression of recombinant proline 3-hydroxylase.
Hydroxylating activity of E. coli recombinants. Recombinants were grown in 1.5 ml of Terrific Broth (19) supplemented with 50 mg of ampicillin per liter and 0.2 mM isopropyl-␤-D-thiogalactopyranoside (medium A) at 30°C for 12 h, and a portion of the culture (15 l) was inoculated into 1.5 ml of fresh medium A for further incubation at 30°C for 12 h. Cells of each recombinant were harvested by centrifugation from the 1.5-ml culture. Reaction mixtures (25 mM L-proline, 50 mM 2-oxoglutarate, 8 mM L-ascorbate, 4 mM FeSO 4 ⅐ 7H 2 O, 100 mM TES [pH 7.5], and cells from 1.5 ml of culture in 250 l) were incubated at 35°C for 10 min. Reactions were stopped by heating at 100°C for 2 min and centrifuged. Supernatants were assayed by the HPLC method to quantify the concentration of produced cis-3-hydroxy-L-proline.
Nucleotide sequence accession number. The nucleotide sequence determined was registered in the DDBJ database under accession no. D78337.
RESULTS
Purification of proline 3-hydroxylase and its amino acid sequence. Streptomyces sp. strain TH1 was selected as a high producer of proline 3-hydroxylase from four microbial strains having 3-hydroxylase reported previously (13) . After several culture media were tested, Df3 medium was chosen for cultivation of TH1 to express 3-hydroxylating activity (data not shown). Cultured TH1 cells were disrupted by sonication in the buffer with pH 4.5 and centrifuged, since proline 3-hydroxylase activity of TH1 was not precipitated at this pH. The pH of the supernatant was readjusted to 4.5, and the supernatant was centrifuged again to precipitate neutral and basic proteins. The supernatant obtained was subjected to successive column chromatographies. Tween 20 was effective in achieving better separation of each column chromatography and was used throughout the purification procedure except for steps 4 and 5 as described in Table 1 .
Step 4 of the purification was performed without Tween 20 (Table 1) to eliminate it, since proline 3-hydroxylation activity was not adsorbed to a phenyl-Sepharose HP column used in the next chromatography step (Table 1 , step 5) in the presence of Tween 20. Proline 3-hydroxylase was finally purified 265-fold from the cell lysate as shown in Table  1 . The purified sample showed a single 35-kDa band in the SDS-PAGE gel stained with CBB ( Fig. 2) , although several minor bands were still detectable in the purified sample by silver staining (data not shown). Since proteins are stained with dyes in amounts proportional to their concentrations, but not when they are stained with silver (1, 22) , it was concluded that 3-hydroxylase was purified to near homogeneity as a 35-kDa protein.
Determined N-terminal and internal amino acid sequences of the purified protein were as follows: N-terminal sequence, MXSHILGRIELDQERLGRDLEYLATVPTV; internal sequences, NIPLYNASGGSEDRLYRDLEGSPAQ and EAFA DATVYAPNLSPDVRERKPFTK (X indicates an undetermined amino acid residue). None of the determined amino acid sequences was found in the SwissProt protein database.
Properties of the purified 3-hydroxylase. Since gel filtration chromatography of the purified sample showed a broad peak (data not shown), the exact molecular mass of the native enzyme was not determined. Since Tween 20 was needed to purify the 3-hydroxylase, it was likely that the 3-hydroxylase has an adhesive nature and interacts abnormally with gel resin.
FIG. 2. SDS-PAGE of 3-hydroxylase.
A purified sample (175 ng) was electrophoresed and stained with CBB. Lanes: 1, purified enzyme ( Further experiments are necessary to determine the native molecular mass of the 3-hydroxylase. The isoelectric point of purified enzyme was determined to be 4.3 by isoelectric gel electrophoresis (see Materials and Methods). The optimal pH and temperature were 7.0 and 35°C, respectively. No cis-3-hydroxy-L-proline was detected in the reaction without L-proline and 2-oxoglutarate (Fig. 3C) . Ferrous ion was strictly required for 3-hydroxylation of L-proline (Fig. 3B) . The addition of EDTA (2 mM), a chelator of divalent cations, also inhibited the reaction strongly to less than 5% of the optimal. In a previous paper, crude cell extract of TH1 hydroxylated L-proline to some extent without the addition of ferrous ion (13) . This discrepancy is thought to result from contaminated ferrous ion in the crude extract.
L-Ascorbate was not necessary to the reaction; however, acceleration of the reaction was observed with L-ascorbate (Fig.  3A) . These results indicate that the purified proline 3-hydroxylase belonged to the 2-oxoglutarate-dependent dioxygenase family (2) . Kinetic parameters were as follows. The K m s for L-proline and 2-oxoglutarate were 0.56 and 0.11 mM, respectively. The k cat of cis-3-hydroxy-L-proline production was 3.2 s Ϫ1 (Fig. 4) .
The effects of metal salts and organic acids in the 3-hydroxylation reaction were tested. Of the metals tested, the addition of Co 2ϩ , Cu 2ϩ , or Zn 2ϩ at a concentration of 1 mM strongly inhibited the reaction to less than 10% of the optimal. Citric acid (5 mM) also inhibited the reaction to about 30% of the optimal. Succinate (5 mM), which is the end product of the 2-oxoglutarate-dependent dioxygenase reaction, had no effect on the reaction.
Substrate specificity of 3-hydroxylase. Instead of L-proline, proline analogs, i.e., D-proline, trans-4-hydroxy-L-proline, cis-4-hydroxy-L-proline, cis-4-hydroxy-D-proline, and 3,4-dehydro-DL-proline, were added to the 3-hydroxylation reaction mixture at a concentration of 5 mM. We could not detect a significant amount of any product with the HPLC system used (data not shown). To the extent tested, L-proline was thought to be the primary substrate for this 3-hydroxylase.
Cloning and sequencing of the proline 3-hydroxylase structural gene. The N-terminal portion of the structural gene was cloned by the PCR method and used as a template to synthesize DIG-labeled N-terminal probe. The DNA library of PstIdigested TH1 chromosome was screened by the colony hybridization method with the DIG-labeled N-terminal probe (see Materials and Methods). Two positive colonies were obtained, and each one was found to have a plasmid with the same physical structure. One of the plasmids was designated pTH30 (Fig. 1) . The cloned fragment in pTH30 has one internal PstI site (Fig. 1) . Since the larger PstI fragment within pTH30 contained the 3-hydroxylase gene and was shorter than the positive fragment resulting from Southern hybridization of PstI-digested TH1 chromosome (data not shown), it is assumed that the internal PstI site of the cloned 6.5-kbp fragment A 2.9-kbp portion of the cloned fragment was sequenced (Fig. 1) . The determined sequence is shown in Fig. 5 . One truncated open reading frame (ORF 1) and three complete ORFs (ORFs 2 to 4) were found to be arranged in the same direction. ORFs 2 to 4 encoded 303, 290, and 208 amino acids, respectively. Start codons of ORFs 2 and 3 were GTG. The GC content of the determined sequence was 67.5%. The N-terminal and internal amino acid sequences predicted by the determined DNA sequence of ORF 3 ( Fig. 5) were identical to those of the purified protein. The undetermined second residue of the purified protein was revealed to be arginine. It was concluded that ORF 3 is the structural gene of the purified protein. The GC content of ORF 3 was 64.4%. Codons of ORF 3 have a G or C in position 3 at a frequency of 91%, which was as high as those of other genes of streptomycetes.
A homology search by BLAST in GenBank, EMBL, and DDBJ databases found no apparent homolog to ORFs 1 to 4. In addition, no recognizable amino acid motif could be found in the ORFs. The deduced amino acid sequence of ORF 3 was compared in detail with that of other known 2-oxoglutaratedependent dioxygenases (2, 18) , but no homology was apparent even for short motifs.
Subcloning and expression of proline 3-hydroxylase in E. coli. A 4.2-kb EcoRI fragment was deleted from pTH30 to construct pTH40 (Fig. 1) ; ORF 3 was cut out of this plasmid with KpnI-SmaI or KpnI-EcoRV. Cut-out DNA fragments were subcloned into an expression vector, pBluescript II KS ϩ , digested with KpnI-SmaI, so that ORF 3 was located downstream of the lac promoter beyond the KpnI junction. E. coli DH1 was then transformed with constructed plasmids. Sequences of constructed plasmids were confirmed. Hydroxylating activities of transformants were measured in triplicate (see Materials and Methods). As shown in Table 2 , recombinants with expression plasmids showed hydroxylating activity five times higher than that of the original Streptomyces sp. strain TH1. Both recombinant strains with expression plasmids had almost the same cellular activities. The different 3Ј-noncoding regions of two expression plasmids (Fig. 1) seemed to have no effect on the expression of ORF 3. It was concluded that ORF 3 encodes functional proline 3-hydroxylase.
DISCUSSION
We reported here the purification and cloning of proline 3-hydroxylase, which hydroxylates free L-proline to cis-3-hydroxy-L-proline. The purified enzyme strictly required ferrous ion and 2-oxoglutarate for its activity. On the other hand, L-ascorbic acid was not necessary for the hydroxylation, although it accelerated the reaction. This requisite profile of purified enzyme is similar to that of hyoscyamine 6-␤-hydroxylase (H6H) from henbane (4) but does not agree with that of prolyl 4-hydroxylase (EC 1.14.11.7), which strictly requires Lascorbate (6, 21) . H6H is a monomeric single-peptide enzyme of about 40 kDa and has apparent sequence homology with other monomeric 2-oxoglutarate-dependent dioxygenases (18) in spite of the fact that prolyl 4-hydroxylase is a heteromer consisting of 2␣ and 2␤ subunits (6) . Although the native molecular mass of proline 3-hydroxylase was not determined, SDS-PAGE of the purified protein and expression experiments of ORF 3 clearly showed that a 35-kDa protein alone was sufficient for hydroxylating activity and no other heterocomponent was needed. Judging from properties described above, proline 3-hydroxylase probably belongs to a 2-oxo-acid-dependent dioxygenase subfamily composed of monomeric enzymes including H6H (2, 18) . However, the deduced amino acid sequence of proline 3-hydroxylase showed no apparent homology to that of H6H and prolyl 4-hydroxylases from several origins. Further characterization is necessary to reveal the relationships between 3-hydroxylase and other 2-oxoglutaratedependent dioxygenases.
Lawrence et al. reported the purification of proline 4-hydroxylase (9) . This proline 4-hydroxylase is a single-peptide enzyme with a molecular mass of 38 kDa which has strict requirements for ferrous ion and 2-oxoglutarate. The reported K m value of L-proline is 0.45 mM. Both Co 2ϩ and Zn 2ϩ were strong inhibitors of the reaction. These reported characteristics of proline 4-hydroxylase resemble those of proline 3-hydroxylase in this study. However, these two hydroxylases are quite different in the following two points. First, L-ascorbate accelerated the 3-hydroxylation (Fig. 3A) but was reported to inhibit the 4-hydroxylation (9). Lawrence et al. proposed that L-ascorbate could compete with 2-oxoglutarate for the same binding site on 4-hydroxylase (9) . However, in this study, excess L-ascorbate never inhibited the 3-hydroxylating reaction (Fig. 3A) . Second, the specific activity of the purified proline 3-hydroxylase (1,723 nmol of cis-3-hydroxy-L-proline/min per mg of protein [ Table 1 ]) was much higher than that of 4-hydroxylase (907 pmol/min per mg of protein [9] ). These two hydroxylases, which are quite similar but critically different in a few features, are attractive materials for investigating relationships between structure and function.
Proline 3-hydroxylase is a rare enzyme in nature (13) , and its specific activity is relatively weak as shown in this study. Fortunately, the structural gene of proline 3-hydroxylase of TH1 was capable of being expressed in the recombinant E. coli system (Table 2) . However, the expressed 3-hydroxylase activity was still weak, as described in this study. Overexpressed 3-hydroxylase would be useful for further characterization of the 3-hydroxylase. We have already made several expression plasmids with higher activity. Detailed characteristics of the 3-hydroxylase will be revealed soon.
We have previously reported that cis-3-hydroxy-L-proline was detected in the hydrolysate of TH1 culture broth extract (13) . It is probable that TH1 produced a compound including the cis-3-hydroxy-L-proline residue. Although further study is necessary to elucidate the physiological function of proline 3-hydroxylase, we assume that proline 3-hydroxylase plays a role in the biosynthesis of a peptide antibiotic as in the case of proline 4-hydroxylase in etamycin biosynthesis (5, 15) .
Until now, only two hydroxylases of free L-proline have been reported. The first is proline 4-hydroxylase (9) , and the second is the proline 3-hydroxylase described in this study. We suppose that there exist other types of free L-proline hydroxylases which produce cis-4-hydroxy-L-proline or trans-3-hydroxy-Lproline. As described in the previous report, we found several bacteria with trans-4 or cis-3 hydroxylating activity among 3,000 bacteria isolated from soil (13) . Further screening of microbes will open the way to detect previously undiscovered hydroxylases of free L-proline.
